We examined whether older individuals experience greater levels of hyperthermia and cardiovascular strain during an extreme heat exposure compared to young adults. During a 3-hour extreme heat exposure (44 C, 30% relative humidity), we compared body heat storage, core temperature (rectal, visceral) and cardiovascular (heart rate, cardiac output, mean arterial pressure, limb blood flow) responses of young adults (n D 30, 19-28 years) against those of older adults (n D 30, 55-73 years). Direct calorimetry measured whole-body evaporative and dry heat exchange. Body heat storage was calculated as the temporal summation of heat production (indirect calorimetry) and whole-body heat loss (direct calorimetry) over the exposure period. While both groups gained a similar amount of heat in the first hour, the older adults showed an attenuated increase in evaporative heat loss (p < 0.033) in the first 30-min. Thereafter, the older adults were unable to compensate for a greater rate of heat gain (11 § 1 ; p < 0.05) with a corresponding increase in evaporative heat loss. Older adults stored more heat (358 § 173 kJ) relative to their younger (202 § 92 kJ; p < 0.001) counterparts at the end of the exposure leading to greater elevations in rectal (p D 0.043) and visceral (p D 0.05) temperatures, albeit not clinically significant (rise < 0.5 C). Older adults experienced a reduction in calf blood flow (p < 0.01) with heat stress, yet no differences in cardiac output, blood pressure or heart rate. We conclude, in healthy habitually active individuals, despite no clinically observable cardiovascular or temperature changes, older adults experience greater heat gain and decreased limb perfusion in response to 3-hour heat exposure.
Introduction
Climate change has resulted in a rise in average ambient temperatures paralleled by a rise in the number and intensity of extreme heat events (EHE). Experts predict that global warming, if left unchecked, will have catastrophic effects on human health 1 especially in older adults. 2 Epidemiological evidence demonstrates a 2-5% increase in all-cause mortality for a 1 C increase in average daily temperature during hot temperature periods. 3 With our global population rapidly aging, 4 we can expect a dramatic increase in the risk of heat-related morbidity and mortality during EHE. 5, 6 As recent evidence demonstrates, the impact can be catastrophic. Extreme heat events claimed an estimated 70,000 lives in 2003 in Europe 7 and 55,000 in 2010 in Russia, 8, 9 the majority of these being older adults and those with chronic health conditions. Moreover, these EHEs will place an insurmountable strain on health care systems worldwide, causing the greatest increase in public sector health care costs relative to all natural weather hazards. 10 At present there is an alarming scarcity of guidance about how to respond to EHE and to address heatrelated health risks. 11 In the absence of any adaptation of the population, heat-related mortality in developed countries is projected to increase dramatically over the CONTACT Glen P. Kenny next few decades. 6 International evidence suggests that appropriate public health programs can dramatically limit EHE-related mortality. [12] [13] [14] Unfortunately, the most recent meta-analysis on the topic reported that knowledge on the effects of heat exposure on older adults remains incomplete 15 and, as demonstrated by nation-wide EHE plan evaluations, 14 this limits the ability of health professionals to make evidence-based clinical decisions during EHE.
Thus, the primary aim of this study was to examine the thermoregulatory and cardiovascular adjustments in healthy habitually active older individuals during an acute 3-hour exposure to extreme heat conditions (44 C, 30% relative humidity); conditions which are associated with a high risk of heat-related morbidity and mortality. 3 In this context, we addressed 2 fundamental questions:
Question 1: Do older individuals (55-73 years) experience greater levels of hyperthermia during exposure to extreme heat compared to young (19-28 years) adults? To address this question, we compared the amount of heat stored in the body between the younger and older adults during the 3-hour extreme heat exposure. To ensure the highest quality of research evidence, measurements were performed using wholebody direct calorimetry, the gold standard for accurately measuring heat exchange between the body and the environment. Previous studies show that older adults are less responsive to heat exposure and take longer to respond to ambient air temperature changes than their younger counterparts. 16 This is paralleled by a decrease in sweat production 17, 18 and skin blood flow 18, 19 in response to increases in core temperature; a response which occurs independent of the level of heat acclimation. 18 Therefore, we evaluated the hypothesis that older adults would experience higher levels of hyperthermia as defined by a greater body heat storage compared to young adults.
Question 2: Do older adults experience greater levels of cardiovascular strain during heat exposure compared to young adults? To address this question we compared the cardiovascular responses (i.e., heart rate, cardiac output, blood pressure and limb blood flow) of young adults against those of older individuals during the 3-hour passive heat exposure. Large-scale epidemiological studies report that many heat-induced deaths are of cardiovascular origin, yet there is no increase in cardiovascular-related hospital admissions during EHE. 20, 21 This has led to the conclusion that deaths from cardiovascular events during EHE in older individuals occur rapidly before the patient is admitted to a hospital [20] [21] [22] and that the first hours of heat exposure have a major impact on cardiovascular mortality in this vulnerable population. 23, 24 Therefore, we hypothesized that older individuals would experience greater levels of cardiovascular strain compared to young adults.
Methods

Ethical approval
This study was approved by the University of Ottawa Health Sciences and Science Research Ethics Board and was conducted according to the principles expressed in the Declaration of Helsinki. Volunteers provided written informed consent before participating in the study.
Participants
Habitually active and healthy young (n D 30, 19-28 years) and older (n D 30, 55-73 years) adults matched for body mass and surface area participated in the study (Table 1) .
Experimental protocol
Participants volunteered for one preliminary session and one experimental session involving a 3-hour passive heat exposure seated in a semi-recumbent position inside the Snellen whole-body direct calorimeter in very hot ambient conditions (air temperature of 44 C and 30% relative humidity). All trials were performed in the late fall and winter months.
During the preliminary session, we used standardized techniques to assess participant age, body height (Detecto, model 2391, Webb City, MO, USA), weight (model CBU150X, Mettler Toledo Inc., Mississauga, ON, Canada), and body fat percentage. Participants' levels of physical activity were assessed using quantitative (3 month) and 7 day physical activity recall questionnaires. 25 For the experimental session, participants were encouraged to arrive well-hydrated as no fluid replacements were provided during the experiment. Upon arrival at the laboratory, hydration status of the participant was assessed. Only those volunteers with urine specific gravity values of <1.020 (i.e., hydrated [26] [27] [28] ; model TS400, Reichter Inc., Depew, NY, USA) were permitted to participate in the experimental trial. Following verification of hydration status, participants were instrumented while they remained resting (»45 min) in an upright seated position outside of the calorimeter in a non-heat stressed environment (»26 C). All participants wore light pairs of athletic shorts and sandals (females also wore a sports bra). At the end of the instrumentation period, the participants remained resting for an additional »15 min after which baseline thermoregulatory and cardiovascular measurements were performed. The participants were then transferred to the calorimeter (transition time »5 min) where they underwent the 3-hour heat exposure while seated in the upright position. At the end of the 3-hour exposure, the calorimeter door was opened and the final cardiovascular measurements were performed. For some cardiovascular measurements (i.e., cardiac output, limb blood flow), we were only able to perform them before and after the 3-hour exposure due to the nature of direct calorimetry requiring an individual to be completely sealed inside the chamber for the entire duration to the study. Given that the whole-body calorimeter is housed within a large temperature controlled chamber which is used to supply the conditioned air to the calorimeter, ambient temperature conditions for the final cardiovascular measurements remain unchanged (i.e., 44 C, 30% relative humidity).
Measurements
We used a whole-body direct calorimeter to record whole-body heat exchange continuously and assess body heat storage via the subtraction of heat dissipation (evaporative heat loss and dry heat exchange) from heat production. The reader is referred to a full technical description of the fundamental principles and performance characteristics of the Snellen calorimeter. 29 In parallel, we used standardized techniques [26] [27] [28] to continuously record: [1] rectal temperature via a thermocouple (Mon-a-therm General Purpose Temperature Probe, Mallinckrodt Medical, St. Louis, MO, USA) inserted 12 cm past the anal sphincter; [2] visceral temperature using a telemetric pill (VitalSense; Mini Mitter Company Inc., USA); [3] skin temperature on the upper back, chest, thigh, and calf using thermocouples (Concept Engineering, Old Saybrook, CT, USA); [4] heart rate (RS400, Polar, Kempele, Finland); [5] the physiological heat stress index 30 ; and [6] local sweat rate at the forearm, chest, upper back, and thigh via a ventilated capsule. We also recorded thermal sensation using the ASHRAE 7-point scale (0 D Neutral to 7 D Very, Very Hot) every 30-minutes.
Prior to and following the 3-hour heat exposure we measured cardiovascular responses outside the direct calorimeter. Specifically, we assessed: [1] resting heart rate (RS400, Polar, Kempele, Finland); [2] cardiac output via the inert gas (mixture consisting of 5% blood soluble N 2 O, 1% blood insoluble SF 6 , and 94% of O 2 ) rebreathing technique as established by Innocor (Innovision, Odense, Denmark); [3] arterial blood pressure via manual auscultation with a validated mercury sphygmomanometer (Baumanometer Standby Model, WA Baum Co, Copiague, NY, USA); and [4] limb blood flow (forearm and calf) by venous occlusion plethysmography (Hokanson AI6, D.E. Hokanson, Inc., Bellevue, WA, USA). Moreover, stroke volume was calculated as cardiac output/heart rate, while total peripheral resistance was calculated as mean arterial pressure/cardiac output.
Statistical analysis
Data were checked for normality using KolmogorovSmirnov tests and all variables were found to be normally distributed. To test our first hypothesis, a repeated-measures analysis of variance was utilized to assess the differences between the 2 groups (i.e., Young, Older) in terms of whole-body and local thermoregulatory responses as well as perceived heat stress throughout (i.e., minutes 0-30, 31-60, 61-90, 91-120, 121-150, and 151-180) the 3-hour heat exposure. To test the second hypothesis, the same analysis was utilised for pre and post cardiovascular responses in both groups. In all analyses, the level of statistical significance was set at p < 0.05, while post-hoc tests incorporating a Bonferroni adjustment were used for pairwise comparisons between groups and time points. All statistical analyses were conducted using SPSS 24 (IBM, Armonk, NY, USA) statistical software.
Results
Whole-body heat exchange
The rates of metabolic heat production, total heat loss, evaporative heat loss, dry heat exchange, as well as the change in body heat content are presented in Table 2 . Metabolic heat production increased throughout the heat exposure (p < 0.001) and responses were similar between the 2 groups (p D 0.798). The rate of wholebody heat loss; as defined by the combined changes in the rates of evaporative heat loss and dry heat exchange, increased (p < 0.001) for both groups over time. The rate of whole-body heat loss was lower in the older compared to the younger adults during the first hour of heat exposure (p D 0.006) which was primarily due to an attenuated increase in evaporative heat loss (p < 0.001) and greater rate of dry heat gain (p < 0.001). This difference persisted for the duration of the heat exposure such that the older adults maintained a reduced rate of evaporative heat loss despite a 11 § 1 W greater rate of dry heat gain (p D 0.05). As a result, older adults stored more heat relative to their younger counterparts throughout the 3-hour exposure; storing 1.8-fold more heat by the end of the exposure (p < 0.001, Fig. 1 and Table 2 ).
Tissue temperatures and local heat loss responses
Core (rectal and visceral) and mean skin temperatures, local sweat rates, thermal sensation, as well as the physiological heat strain index are presented in Table 3 . After 30 minutes of heat exposure, rectal temperature was significantly greater in the older adults albeit the relative increase from baseline was similar (0.4-0.5 C) between groups over the 3-hour heat exposure (p < 0.001). No differences were observed in visceral temperature with the exception that responses were greater at the end of the exposure only in older relative to the younger adults (p D 0.05). Due to technical problems, visceral temperature measurements were not recorded for 8 young and 10 older participants. Local sweat rate at all 4 sites (forearm, upper back, chest, and thigh) increased throughout the heat exposure in both groups (p < 0.001), however, only thigh sweat rate increased to greater levels in the young relative to the older adults (p D 0.006). While both groups reported a greater thermal sensation over time (p < 0.001), the older adults reported significantly increased thermal sensation (indicating feeling hotter) throughout the exposure (p < 0.001). The physiological heat stress index increased during the heat exposure in both groups (p < 0.001), but the increase observed in the older adults was larger than that observed in the younger adults (p D 0.009).
Cardiovascular responses
The cardiovascular responses for the young and older adults are presented in Table 4 . An increase in heart rate, forearm blood flow, and calf blood flow was measured in both groups (all p < 0.001). In contrast, mean arterial pressure, total peripheral resistance and cardiac output remained unchanged (all p > 0.116), while a reduction in stroke volume (p < 0.001) was measured. Mean arterial pressure was higher in the older adults compared to the younger adults at baseline only (p D 0.003). Heart rate, stroke volume, and cardiac output were lower while total peripheral resistance was greater in the older adults at baseline and at the end of the 3-hour exposure relative to their younger counterparts (all p < 0.05). As such, no differences in the proportional rise of heart rate, cardiac output, blood pressure and total peripheral resistance were observed in younger vs. older adults; however, older adults demonstrated an attenuated increase in calf blood flow compared to their younger counterparts (p < 0.001).
Discussion
We show that healthy habitually active older adults stored 1.8-fold more heat as compared to their younger counterparts during a 3-hour passive extreme heat exposure. This was paralleled by a greater level of hyperthermia as defined by a more pronounced body core temperature (rectal and visceral) response measured at the end of the exposure, although the relative increase from the baseline resting temperature response was not different between groups (0.4-0.5 C). While a greater level of thermal strain was observed in the older adults, the degree of heat strain imposed in this experiment was not paralleled by marked age-related differences in cardiovascular adjustments.
Epidemiological evidence shows that the first hours of heat exposure have the largest effect on the mortality rates of older individuals. [20] [21] [22] [23] [24] We found that young adults achieved heat balance (indicating that they ceased storing any additional heat) within the first 2 hours of the 3-hour extreme heat exposure (rate of body heat storage: 0.0 § 12.9 W). This was not the case for older adults who continued to store heat during this same period with an elevated rate of heat storage of 21.5 § 26.8 W. As our study demonstrates, older adults had an impaired ability to increase wholebody sweating as evidenced by a reduced rate of whole-body evaporative heat loss measured in the first 30-min. While evaporative heat loss was not significantly different between groups thereafter, older adults continued to gain more heat as evidenced by a significantly greater rate of dry heat gain that was maintained for the duration of the exposure. This was however not offset by a concomitant increase in evaporative heat loss such that the older adults continued to store heat even in the final 30-min as noted above. As a consequence, the older adults stored more heat relative to their younger counterparts throughout the exposure. Previous studies investigating exercise in hot environments also reported an attenuated wholebody evaporative heat loss (and therefore whole-body sweat production) in healthy habitually active older adults. [31] [32] [33] In this study, we show that the attenuated thermoregulatory adjustments of older adults to an exercise-induced heat stress is present also in resting conditions during an acute 3-hour extreme heat exposure.
While we measured a markedly greater increase in the amount of heat stored in the body in older adults, this was paralleled by only a modest change in body core temperature of 0.4-0.5 C across both groups; an increase in core temperature equivalent to a nonpathological sign of heat stress according to current guidelines. 34 When the calculated mean body temperature (considered a proxy measure of body heat storage 35 ) responses were compared, thermometry was shown to underestimate the change in mean body temperature relative to direct calorimetry at the end of the 3-hour exposure for both groups, albeit the disparity was considerably more pronounced in older adults Figure 2 . The change in mean body temperature (mean § SD) at the end of the 3-hour extreme heat exposure and the projected change in mean body temperature after an extended 8-hour exposure in young and older adults. Note: the relative change in mean body temperature for each group is presented in the bar; Ã D comparison against the young group statistically significant at p < 0.05; the white bars indicate the young group (19-28 y of age) and the black bars indicate the older group (55-73 y of age). Mean body temperature at the end of the 3-hour exposure was calculated as the cumulative change in body heat storage (kJ) divided by body mass (kg) and the average specific heat capacity of the body (i.e., 3.47 kJ¢kg
). The projected theoretical change in mean body temperature after 8 h of heat exposure was estimated based on the difference measured during the last hour of the heat exposure. (Young: 37.51 C vs 37.87 C; Older: 37.64 C vs 38.41 C) (Fig. 2) . Recent studies employing wholebody direct calorimetry have reported similar differences, challenging the validity of body core temperature measurement for estimating whole-body thermal strain. 31, 32, 36 Measurements of body core temperature, such as those associated with rectal or visceral temperature, only indicate regional changes in heat content and their use for estimating thermal strain across the entire body has been challenged [35] [36] [37] ; a response paralleling the observed disparity between whole-body and local sweating responses. 26, 28, 32, 35 The variation in the measured increase in mean body temperature observed in the present study is likely the result of differences in the exchange of heat between body compartments (i.e., visceral organs, muscle, skin, others). Regional variations in tissue blood flow, which are more evident in older adults, 38, 39 combined with group differences in thermoregulatory adjustments measured in the present study, can lead to differences in heat transfer/distribution between internal tissues. 35, 36, 40 In turn, as demonstrated by our study findings, this can limit the validity of core temperature measurement for representing whole-body hyperthermia in older adults. While core temperature is the currently recommended 34 clinical assessment practice for addressing heat-related health risks, additional studies are required to assess its effectiveness in enabling the diagnosis and assessment of heat-related illnesses for different levels of heat stress and or exposure times.
A novel finding from this study was that age did not compromise the cardiovascular adjustments observed during a 3-hour extreme heat exposure. It is important to note, however, that we studied highly-screened habitually active older individuals with no underlying cardiovascular condition to examine age-related differences in cardiovascular adjustments to a heat stress. A previous study reported that, compared to young individuals, older adults (70 years) exposed to a passive heat stress condition while in a supine position demonstrated an attenuated increase in cardiac output in conjunction with impaired redistribution of blood flow from the splanchnic and renal circulations. 38 Nevertheless, the aforementioned study exposed individuals to extreme heat stress using a full-body heating suit with a plastic coverall (to reduce the evaporation of sweat) resulting in rapid increases in core temperature near 38.5 C and skin temperatures »40 C (levels equivalent to the limits of the individuals thermal tolerance) within just 64 § 7 min. The marked increases in core temperature were associated with greater increases (above baseline resting) in heart rate (Young: »100%, Older: »80%) and forearm blood flow (Young: 473%, Older: 273%) for the young versus the older adults respectively. As shown in the present study, a 3-hour heat exposure to 44 C in the upright seated posture did not cause such elevated levels of hyperthermia and the corresponding adjustments in heart rate (Young: 25% vs Older: 25%) and forearm blood flow (Young: 130%, Older: 103%) were less pronounced in both groups. Of note, we showed that the relative increase in forearm (non-significant trend) and calf blood flow (Young: 108%, Older: 88%, p < 0.006) was attenuated in the older relative to the young adults which was consistent with our observation of a greater rate of heat gain observed in the older adults. Our findings parallel those by Sagawa et al. 41 who exposed 6 older (66 years) adults to 40 C for up to 130 minutes while also seated in the upright position. Forearm blood flow was significantly reduced after 95 min in the older adults (cardiovascular responses were only measured in the first 95 min) and no differences in the relative changes in heart rate, cardiac output, mean arterial pressure, and total peripheral resistance were observed. This was paralleled by a greater, albeit clinically non-significant core temperature response (Young: 37.03 C; Elderly: 37.31 C) and this difference remained intact at the end of the 130 min exposure.
It is abundantly clear that cardiovascular mortality is markedly increased during EHE. [20] [21] [22] Knowing whether older adults experience increased cardiovascular strain during the initial hours of heat exposure is crucial for clinical care, as large-scale epidemiological studies show that deaths from cardiovascular disease during EHE in older individuals occur rapidly before the patient is admitted to a hospital [20] [21] [22] and that the first hours of heat exposure have a large effect on the mortality rate of this vulnerable population. 23, 24 Our results show that the cardiovascular adjustments to the degree of heat stress that we imposed in healthy habitually active older adults caused by passive heat exposure are adequate. However, as reduced limb perfusion was already being demonstrated in older subjects, increased heat stress severity or duration, greater age and/or the presence of underlying clinical or subclinical cardiovascular health conditions will undoubtedly lead to further reductions in cardiovascular adjustments with potentially catastrophic sequelae. This is in line with epidemiological data demonstrating that cardiovascular disease is not a primary reason for hospital admission during EHE but, as a pre-existing condition, it is a risk factor for hospitalization and mortality. 42, 43 We showed that the physiological heat stress index, an aggregate of rectal temperature and heart rate [calculated as: 5(current rectal temperature -resting rectal temperature)¢(39.5 -resting rectal temperature) ¡1 C 5(current heart rate -resting heart rate)¢(180 -resting heart rate)
¡1
], 30 was significantly greater in the older adults as compared to their younger counterparts over the final 2-hours of the exposure, principally due to altered temperature. The difference between groups (difference in index of »0.5) remained intact for the duration of the exposure. In parallel, we showed that the rate of body heat storage as assessed by direct calorimetry was maintained at a near constant elevated rate over the last hour; a response which resulted in the older adults storing 1.8-times more heat than their younger counterparts. Taken together, the physiological heat stress index may provide important information that could assist in identifying those adults at greater risk of experiencing potentially dangerous levels of hyperthermia. Further studies are warranted to examine the applicability of this index under different heat stress conditions and for different population groups.
Perspective
The present study examined the heat stress response in healthy habitually active older adults during a short 3-hour extreme heat exposure. Therefore, it is unclear if this age-related attenuation in the body's ability to dissipate heat would remain intact for an extended exposure period (i.e., >3 hours). Based on the assumption that the rate of body heat storage would remain unchanged from the rate measured over the last hour of the exposure, we estimated that increases in mean body temperature could exceed 39.0 C after an 8-hour exposure (Fig. 2 ). While such a hypothetical scenario is unlikely (i.e., without some behavioral and or physiological adjustments), it does reveal that even small differences in the body's ability to dissipate heat can lead to dangerous levels of hyperthermia if left unchecked. Such a situation may however only occur if vulnerable individuals are unable to respond to heat warnings and take preventative measures (e.g. use of air conditioners, fans, relocating to a cooling center, etc.) to reduce their exposure to the heat stress condition thereby mitigating their risk of experiencing a heatrelated injury or death. Finally, as noted above, our older participants were healthy habitually active individuals. Aging-associated diseases such as type 2 diabetes, hypertension, cardiovascular disease and others may lead to more pronounced attenuations in the body's ability to dissipate heat 2 especially under a state of dehydration which may occur with prolonged heat exposure and or medication use. 2 Future studies are therefore warranted to determine the extent to which these health conditions may change the temperature threshold at which marked impairments in heat dissipation occur (i.e., exposureresponse relationship for temperature). Such knowledge will help facilitate the development of guidelines and policies related to the management of vulnerable populations in extreme heat conditions.
In conclusion, we showed that adults aged 55-73 y experience greater levels of thermal strain despite no observable cardiovascular strain and minimal changes in core temperature during a passive 3-hour extreme heat exposure as compared to young adults aged 19-28 y. This increased heat strain is due to an attenuation of whole-body evaporative heat loss due to reduced sweating during the early stages of the exposure and an inability to maintain a sufficiently elevated rate to counterbalance the effects of a greater rate of heat gain from the environment over the mid-and late-stages of the exposure. The potential for marked heat strain without observable clinically significant differences in cardiovascular and temperature responses in older adults needs to be factored in the evaluation of patients being treated for heat stress. 
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